In the current work, a novel combustion method is demonstrated for the direct synthesis of nanocomposite materials. Specifically doped tin dioxide (SnO 2 ) powders were selected for the demonstration studies due to the key role SnO 2 plays in semiconductor gas sensors and the strong sensitivity of doped SnO 2 to nanocomposite properties. The synthesis approach combines solid and gas-phase precursors to stage the decomposition and particle nucleation processes. A range of synthesis conditions and four material systems were examined in the study: gold-tin dioxide, palladium-tin dioxide, copper-tin dioxide, and aluminum-tin dioxide. Several additive precursors were considered including four metal acetates and two pure metals. The nanocomposite materials produced were examined for morphology, phase, composition, and lattice spacing using transmission and scanning electron microscopy, x-ray diffractometry, and energy-dispersive spectroscopy. The results using the combustion synthesis approach indicate good control of the nanocomposite properties, such as the average SnO 2 crystallite size, which ranged from 5.8 to 17 nm.
I. INTRODUCTION
Nanocomposite materials have the potential to dramatically improve many engineering systems. For example, Uematsu et al. 1 have created gold-titania (Au-TiO 2 ) nanocomposite powders that exhibit remarkable increases in catalytic activity for carbon monoxide oxidation as a function of the nanocomposite morphology. Afonso et al. 2 have created bismuth-alumina (Bi-Al 2 O 3 ) and copper-alumina (Cu-Al 2 O 3 ) nanocomposites that exhibit superior structural and nonlinear optical properties, making the materials attractive for alloptical switching devices. Nanocomposite materials may also enable a hydrogen (H 2 ) economy, as Cui and Zhang 3 have demonstrated, large H 2 storage capacities using cerium-nickel (Ce-Ni) nanocomposites.
Nanocomposites can also greatly impact the performance characteristics of semiconductor gas sensors. 4 Tin dioxide (SnO 2 ) is the most important material used in solid-state gas detectors, and improving the performance of tin dioxide sensors has been directly linked to addition of dopants (typically noble metals or metal oxides) to the SnO 2 to create nanocomposite materials. [5] [6] [7] [8] [9] [10] [11] SnO 2 nanocomposites can be created using a variety of techniques including sol-gel processing, 6 ,10,11 chemical vapor deposition, 12 wet chemical deposition, 13, 14 sputtering methods, 15, 16 gas-phase condensation, 17 pulsed laser ablation, 18 mechanochemical processing, 19 and combustion synthesis. [20] [21] [22] Combustion methods can be quite powerful synthesis techniques, with demonstrated ability to control particle size, size distribution, phase, and composition. 23, 24 Combustion processes can be scaled to high production rates (on the order of g/h to kg/h), 25, 26 and combustion methods rank among the few techniques that have been demonstrated to directly produce both thick and thin SnO 2 films. 27 The objective of this study is to demonstrate a novel combustion synthesis approach which can be used to produce a broad range of SnO 2 nanocomposite materials with good control of the nanocomposite properties (e.g., morphology, average SnO 2 particle size, dopant loading, etc.). Doped tin dioxide material systems were selected for study due to the considerable promise tin dioxide has in advanced gas-sensing applications and the extraordinary sensitivity of doped-SnO 2 sensors to the type, location, state, dispersion, and loading of the additives (see references 4, 5, 11, 28 , and 29 and references therein).
The synthesis approach is based on staged decomposition of particle precursor reactants and formation of nanoparticles of multiple condensed-phase materials. Combustion synthesis generally uses gas-or liquid-phase reactants, 23, 24 excluding self-propagating hightemperature combustion synthesis (SHS) approaches. In this work, we demonstrate for the first time the combined use of solid-and gas-phase reactants in flame synthesis of nanocomposite materials. The use of multiple precursors and multiple phases allows for greater flexibility and control of the final product properties. For example, by using precursors with different decomposition and particle nucleation rates, the distribution of the additives in the host or support material (SnO 2 in this case) can be affected. The use of solid-phase precursors for the additives significantly expands the range of precursor materials that can be considered for combustion synthesis processing, including the use of less toxic materials and a large number of precursors that do not contain chlorine. Chlorine contamination is a particular concern for doped-SnO 2 used in gas-sensing applications. 30, 31 In the following sections, the synthetic approach is described. The properties of the nanocomposite product powders, including morphology, average particle size, and composition, are examined using a variety of techniques including transmission electron microscopy (TEM) imaging, TEM energy-dispersive spectroscopy (EDS), scanning electron microscopy x-ray energydispersive spectroscopy (SEM EDS), and x-ray diffractometry (XRD). As reducing the average SnO 2 crystallite size to below 10 nm is a key goal to improve gas-sensor performance, 32, 33 the effects of the additives on SnO 2 crystallite size are presented and discussed in detail.
II. EXPERIMENTAL
The nanostructured powders were generated using the combustion synthesis facility shown in Fig. 1 . The facility consists of three major components: the burner used to create the high-temperature synthesis environment, the bubbler system used to deliver the tin dioxide precursor to the burner, and the particle feed system (PFS) used to deliver the additive precursor to the burner. A detailed description of the burner and the results of characterization studies can be found in Wooldridge et al. 34 In this study, all tin dioxide materials were produced using tetramethyl tin (TMT) as the precursor for SnO 2 . A detailed description of the TMT bubbler system and results of characterization experiments for synthesis of undoped Sn, SnO, and SnO 2 nanoparticles can be found in Hall et al. 35, 36 Each of the facility components are described briefly below.
The burner is a multielement diffusion flame burner (or Hencken burner) that is used to produce steady, laminar, high-temperature conditions by combusting hydrogen (H 2 ) and oxygen (O 2 ) reactants dilute in argon (Ar) at atmospheric pressure. A reducing or oxidizing environment can be created for the synthesis conditions by varying the reactant ratios. 36 The 2.54 cm × 2.54 cm square burner consists of a hastalloy honeycomb support through which stainless steel hypodermic needles are inserted at systematic intervals. Hydrogen flows through the needles, as well as dilute O 2 in Ar flow through the remainder of the channels of the honeycomb. The H 2 and O 2 mix rapidly outside the surface of the burner, leading to a primary flame that has a slightly dimpled flame surface. Approximately 3-5 mm above the surface of the burner (i.e., about 1 mm above the flame sheet), the conditions are uniform in temperature, pressure, and composition. To minimize entrainment of room air, the active area of the burner is surrounded by a co-flow of nitrogen. A square optical chimney (3.8 × 3.8 × 34 cm) can also be used to extend the high-temperature region above the burner. In this study, no particle precursor reactants are introduced to the burner via the H 2 or O 2 manifold. All particle precursor reactants are directed to the burner using the secondary fuel tube (see Fig. 1 ).
The secondary fuel tube (0.85 mm i.d.), is located at the center of the burner, and the particle precursors for the SnO 2 and the additives are supplied via two delivery systems. The vapor-phase precursor for tin dioxide is created by bubbling argon through a liquid reservoir of TMT. The argon flow rate is monitored using a calibrated rotameter, and the Ar leaves the reservoir saturated in TMT. When the reservoir is at room temperature, the flow yields a mixture of 21-23% TMT (mole basis) in Ar. 36 In this study, all the experiments were conducted with the TMT reservoir at room temperature with one exception, where the reservoir was cooled to 0°C resulting in a mixture of approximately 5% TMT (mole basis) in Ar.
The solid-phase precursor reactants for the additive materials are introduced to the secondary fuel tube via the particle feed system. The PFS consists of an entrainment column, a syringe, and a syringe injection pump. Similar feed systems have been developed by other groups for coal-particle combustion studies. 37, 38 The PFS used in this work is based upon those designs and modified for synthesis studies. The glass column has a gas inlet diameter of 3.70 mm and an outlet diameter of 1.07 mm, with a maximum diameter of 98.25 mm. Argon is used as the carrier gas through the column and is regulated by a calibrated rotameter. Additive precursor particles are injected into the centerline of the column via an open-ended syringe (4.5 mm i.d., BD 1 ml U-100, Franklin Lakes, NJ). The injection feed rate is controlled by a syringe pump (Medfusion 2001, Diluth, IA). A harmonic actuator is used to improve the steadiness of the particle delivery from the syringe. For each experiment, the argon flow rate to the PFS is set at a constant value (400 ml min −1 ) and the syringe pump is set at a constant rate of plunger displacement (1 ml/h). These conditions correspond to a particle feed rate of approximately 2 g/h. Once the additive precursor particles are entrained in Ar, the particle flow is mixed with the TMT/Ar flow before entering the secondary fuel tube via an L-junction (see Fig. 1) . The precursor flow then exits the secondary fuel tube above the surface of the burner as a jet (with a Reynolds number of Re ≅ 580), where the reactants form a secondary flame, which is a diffusion flame. The nanocomposite powders are formed as products of the secondary flame. Additional description of the PFS can be found in Miller 39 and in Miller et al. 40, 41 Samples of the final product powders were collected for ex situ analysis in the exhaust region above the burner. Bulk samples were collected at a height of 27 cm above the burner surface by thermophoretic deposition onto a water-cooled cold plate for sampling times of approximately 10 min. Discrete samples were collected using thermophoretic deposition directly onto TEM grids (Electron Microscopy Sciences, carbon film, 300-mesh copper or 300-mesh nickel [Hatfield, PA]) placed at 27 cm above the burner surface for sampling times of less than one second. Sample preparations for each analytical technique used in the study are described below. Powder samples were analyzed for composition, phase, and average crystallite size using a powder XRD (an automated Scintag Theta-Theta XRD [Scintag, Inc., Cupertino, CA], or a Rigaku double-crystal XRD [Tokyo, Japan]). Powder samples of approximately 40 mg were obtained from the cold plate and were dispersed with methanol (∼0.02 ml) into a paste form. Approximately 0.5 ml of the paste was spread onto glass slides and dried at room temperature for a minimum of 10 min. Spectral scans for phase identification and for average additive particle size were obtained over a 2 range of 15-85°at a scan rate of 5°2/min using increments of 0.02°2 and Cu K ␣ radiation ( ‫ס‬ 1.5405 Å). Spectral scans for average crystallite size for SnO 2 were measured over a 2 range of 22-31°at a scan rate of 0.5°2/min using increments of 0.02°2 and Cu K ␣ radiation ( ‫ס‬ 1.5405 Å). Peak positions and relative intensities of the powder patterns were identified by comparison with reference spectra from the International Center for Diffraction Data (ICDD, Newton Square, PA). 42 Bulk samples were analyzed using SEM-EDS (Philips XL30 field emission gun scanning electron microscope) for elemental composition and loadings. The bulk samples (0.2 mg) for SEM were dispersed with water (0.05 ml) onto a conductive, silver-painted aluminum sample stand and dried for a minimum of 12 h.
The discrete samples were studied using TEM (JEOL 2010F field emission gun analytical electron microscope or Philips CM12 analytical electron microscope) to identify particle morphology (including particle size) and high-resolution TEM (JEOL 3011 high-resolution electron microscope) for detailed examination of lattice structure. Samples were also examined using TEM-EDS for elemental analysis and the determination of dopant particle location. All materials were sampled onto copper TEM grids, with the exception of powders which could contain copper as an additive. The latter materials were sampled onto nickel TEM grids to eliminate interference during EDS determination of elemental compositions.
III. RESULTS
Four material systems were examined in the study: gold-tin dioxide, palladium-tin dioxide, copper-tin dioxide, and aluminum-tin dioxide. Tables I and II summarize the operating conditions and particle precursor properties for each synthesis system. All compressed gases (H 2 , O 2 , Ar, N 2 ) were obtained from Cryogenic Gases, with purities >99.99%. Throughout the study, the H 2 and O 2 flow rates were set at fixed values of 2.78 and 1.46 ml min −1 , respectively. Nitrogen was used as a shroud gas for all experiments at a fixed flow rate of 28.3 ml min −1 . The tetramethyl tin was obtained in liquid form (98% assay, Alfa Aesar, Ward Hill, MA), and the argon flow rate through the TMT bubbler was set at a fixed rate of 63.5 ml min −1 . All solid-phase precursor reactants were sieved to less than 45 m (except bis-(dibenzylideneacetone)palladium, which was sieved to less than 125 m) to facilitate the particle flow through the system. The results for each material system are presented below.
A. Gold-doped tin dioxide powders
As seen in Table II , several studies were conducted on the Au-SnO 2 material system. A typical XRD pattern for the baseline gold acetate/TMT system (Case 2) is presented in Fig. 2 . For comparison, spectra for undoped SnO 2 obtained at the same baseline synthesis conditions are provided in the lower half of the figure. Throughout the material systems studied in this work, the peaks of the undoped and doped SnO 2 indexed to the cassiterite phase of tin dioxide. Peaks attributable to tin monoxide or metallic tin were never observed. No phase changes to the SnO 2 were observed by altering the synthesis conditions (e.g., longer residence times, etc.). The additional peaks in the gold acetate/TMT system consistently indexed to pure metallic gold. Figure 3 shows representative TEM images of the Au/ SnO 2 materials for the baseline gold acetate/TMT system (Case 2). As seen in the images, there are two general morphologies present in the Au-doped samples: larger high-contrast spherical particles and aggregates consisting of small crystalline primary particles. The smaller particles were identified as tin dioxide and the highcontrast spherical particles were identified as gold using TEM-EDS analysis. The aggregated structure indicates a relatively slow sintering rate between the SnO 2 primary particles at the synthesis conditions studied. The morphology of the SnO 2 particles is consistent with that observed previously for synthesis of undoped SnO 2 at similar synthesis conditions. 35, 36, 43 As seen in Fig. 3 , the larger Au particles were wellintegrated into the SnO 2 aggregates. The gold particles in the nanocomposite material system were sparsely located (∼3-7 particles per 25 m 2 area on the TEM grid, Case 2 conditions) and never appeared as gold aggregates, indicating that when Au interparticle collisions occurred, the sintering between the gold particles was rapid. The geometric mean diameter of the gold particles produced from the baseline gold acetate/TMT system was 83 nm, as determined from the TEM images. This average Au particle size is based on particles that were clearly observable in the TEM images. Smaller Au particles are more difficult to distinguish from the SnO 2 particles without EDS analysis (as seen in the Case 4 results presented below), consequently the average gold particle size determined in this manner is considered a high estimate.
The interaction of the gold additives with the SnO 2 particles was examined using high-resolution TEM (see Fig. 4 ). The presence of gold in the SnO 2 lattice structure can cause a dislocation in the tin dioxide lattice, altering the d spacings. Consequently, the HRTEM images were used to measure the spacing between the lattice fringes in three categories of SnO 2 particles: undoped SnO 2 particles, Au-doped SnO 2 particles far from a gold particle (Case 2 conditions), and Au-doped SnO 2 particles adjacent to additive gold particles (Case 2 conditions). The spacings were consistent for the first two cases (4 Å), but the spacings became smaller when the tin dioxide particles were next to the gold particles (3.5 Å). The Au additive affects the local crystalline structure of the SnO 2 , although whether the changes are due to Au migration into the tin dioxide structure or the manner in which the SnO 2 crystallites form near the Au additives (for example, if the SnO 2 particles form by heterogeneous condensation onto existing Au particles) cannot be determined from the HRTEM imaging. Note: Case numbers correspond to those listed in Table II . The argon flow rate listed is the flow rate to the primary flame, and the mole fraction of TMT is the amount of TMT in the argon prior to merging with the particle feed flow.
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Beyond the baseline gold acetate/TMT conditions, the synthesis environment was examined to determine the effects of the burner operating conditions on the properties of the nanocomposites produced. Specifically, lowering the argon flow rate to the primary flame, the use of the optical chimney and lowering the concentration of TMT to the secondary flame were each investigated while holding all other operating conditions constant. Lowering the argon flow rate to the primary flame increases the temperature of the primary flame and affects the residence time of the particles. The use of the quartz chimney extends the high-temperature region above the surface of the burner. The effects of the changes in operating conditions on the average SnO 2 particle size are discussed below in Sec. III E. The general morphology of the nanocomposites, Au particles integrated in SnO 2 aggregates, was unchanged for any of the synthesis conditions. However, the use of the optical chimney to extend particle residence times at high temperatures (Case 3) led to larger aggregate structures (see Fig. 5 ).
TEM-EDS analysis of the materials produced using the lower argon flow rate (Case 4) yielded an interesting result. In addition to the morphology of Au particles integrated into the SnO 2 aggregates, Au signals were detected from aggregates where no discrete Au particle could be identified. Figure 6 shows an example of such an aggregate. This indication of smaller Au particles or the possibility of Au within the SnO 2 crystallites is not likely to be exclusive to Case 4 synthesis conditions, as is discussed further in Sec. IV.
Gold particles (aerodynamic particle sizes of 0.5-0.8 m,
XRD spectra of Au-doped SnO 2 powder (Case 2 conditions, produced using gold acetate as the additive precursor). XRD spectra for undoped SnO 2 (Case 1) are provided for comparison in the lower portion of the figure. The diffraction patterns and lattice parameters for the cassiterite phase of SnO 2 (21-1250) 42 and metallic gold (4-784) 42 are also indicated for reference. 6.9 ± 0.1 *As per manufacturer specifications.
as per manufacturer specifications) were also examined as a potential direct source for Au additives in the tin dioxide powders. For these experiments, the majority of the precursor gold particles appeared to flow through the system with little interaction with the TMT/SnO 2 system. TEM images of the product powder confirm few Au particles integrated with SnO 2 aggregates, and the Au particles were typically larger than 250 nm in diameter. Gold particles are often used to color glass, and the size of the gold particles controls the color, where 10 nm gold particles result in a pink glass, 10-20 nm gold particles result in a violet-red glass, and 20-50 nm gold particles result in a deep purple glass. 44 The undoped SnO 2 powders produced in this work were generally gray/white. The Au-doped SnO 2 powders produced using gold acetate were pink. The Au-SnO 2 materials produced using pure gold as the additive precursor were more gold than pink, consistent with less integration of the gold with the SnO 2 and larger gold particle sizes.
B. Palladium-doped tin dioxide powders
Three palladium precursors were examined as SnO 2 additives in this work: palladium acetate, pure palladium and bis(dibenzylideneacetone)palladium. A typical XRD pattern for the baseline palladium acetate/TMT system (Case 7 conditions) is shown in Fig. 7 . The peaks of the XRD spectra index to the cassiterite phase of tin dioxide and metallic palladium. No palladium oxides were observed. The morphology of the Pd-SnO 2 nanocomposites is similar to that of the gold acetate/TMT system, as seen in Fig. 8 where palladium particles are integrated into SnO 2 aggregates. The composition of the palladium particles was confirmed via TEM-EDS, and the TEM images indicated palladium particles on the order of 50 nm. Palladium particles (aerodynamic particle sizes of 1.0-1.5 m as per manufacturer specifications) behaved in similar fashion to the pure gold precursor materials. The palladium appeared to have little interaction with the SnO 2 based on TEM imaging which showed only few larger (on the same order as the precursor Pd material) palladium particles mixed with the SnO 2 . However, analysis of the XRD spectra showed that the average SnO 2 crystallite size was affected by the Pd precursor, which is discussed further below.
A larger metal organic precursor for palladium, bis(dibenzylideneacetone)palladium, was examined to further investigate the effects of precursor decomposition chemistry on the Pd-SnO 2 nanocomposite properties. When the baseline SnO 2 -doped synthesis conditions were used (Case 9), no palladium signals were observed using either XRD or TEM-EDS. When the hightemperature regions were extended using the optical chimney (Case 10 conditions), the XRD pattern did indicate the presence of palladium in the product materials. However, TEM imaging with EDS analysis failed to identify any discrete Pd particles.
C. Copper-doped tin dioxide powders
Representative XRD spectra of copper acetate-TMT materials are shown in Figure 9 . The peaks index to the cassiterite phase of tin dioxide and a mix of CuO and Cu 2 O (cupric oxide and cuprous oxide, respectively). TEM imaging, as shown in Fig. 10 , indicates similar integrated aggregate and additive morphology to that observed with the previous metal acetate precursors. On the basis of the TEM images and EDS analysis, the particles containing copper were on the order of 50 nm and somewhat faceted in shape.
D. Aluminum-doped tin dioxide powders
Last in the series of metal acetate additive precursors examined was aluminum acetate. XRD analysis of the FIG. 6 . TEM image of Au-doped SnO 2 nanocomposite (Case 4 conditions, produced using gold acetate as the additive precursor). EDS analysis of the aggregate indicated the presence of Au in the structure.
FIG. 7.
XRD spectra of Pd-doped SnO 2 powder (Case 7 conditions, produced using palladium acetate as the additive precursor). The diffraction patterns and lattice parameters for the cassiterite phase of SnO 2 (21-1250) 42 and metallic palladium (Pd, 5-681) 42 are provided for reference. materials produced indexed to the cassiterite phase of tin dioxide; however, no aluminum or aluminum oxide peaks could be identified in the XRD spectra. Similarly, the TEM imaging showed aggregated SnO 2 particles with no EDS peaks attributable to aluminum.
E. Average SnO 2 crystallite size
The average crystallite size of the tin dioxide particles was determined for the material systems and synthesis conditions studied using the Scherrer equation:
where d p is the average crystallite size, is the wavelength of the source emission (1.542 Å for this study), ␤ 1/2 is the full width at half-maximum of the peak used for the analysis, and is the XRD scattering angle of the peak. Here, the 110 feature of the SnO 2 spectra was used, where ‫ס‬ 13.3°, 45 although additional peaks were examined for some spectra to verify the d p determinations. A summary of the XRD results for d p is provided in Table II . Note that the signal for the (110) peak for SnO 2 was too low for the pure gold/TMT system to obtain a reasonable estimate for d p . Repeatability studies were performed for the undoped and gold acetate-doped tin dioxide systems. The samples showed little experimentto-experiment variability (<10%). The total uncertainty in the crystallite size measurements for each system is provided in Table II , where the total uncertainty is primarily due to experimental variability and the curvefitting process used to determine the peak height.
As seen in Table II , the average SnO 2 crystallite size spans 5.8-17 nm, with the gold acetate/lower TMT system (Case 5) yielding the smallest SnO 2 particles and the pure palladium/TMT system (Case 8) yielding the largest particles. In general, the metal acetates led to smaller average SnO 2 particle sizes compared to the undoped SnO 2 (which had an average crystallite size of 12 nm), with the exception of the copper acetate precursor and the gold acetate precursor/lower argon flow to the primary flame conditions (Case 4). As stated earlier the lower argon flow leads to higher primary flame temperatures and potentially longer particle residence times. The larger average SnO 2 crystallite size is consistent with additional sintering that would occur with longer times at high temperatures. Note also that the average crystallite size for the undoped SnO 2 is consistent with previous direct measurements made using TEM imaging. 36 Table II includes interesting results for the average SnO 2 crystallite size when the TEM, EDS, and XRD data are also considered. Specifically, the pure palladium appeared to have little integration with the SnO 2 particles based on TEM imaging. However, the pure palladium precursor had a marked affect of increasing the average SnO 2 crystallite size compared to both undoped and doped baseline synthesis conditions. Additionally, although aluminum was not detected via TEM-EDS or XRD spectra in the materials produced using aluminum acetate, the average SnO 2 crystallite size for these materials was dramatically reduced compared to undoped SnO 2 . The bis(dibenzylideneacetone)palladium precursor had a similar effect, where palladium did not appear in the XRD or TEM-EDS spectra for Case 9, but the average SnO 2 crystallite size was reduced compared to pure SnO 2 .
F. Additive loadings
The additive loadings within the nanocomposite materials were determined using SEM-EDS for selected materials and conditions. The results are summarized in Table III . Molar Sn/O ratios of 1:2 confirmed the tin dioxide stoichiometry for the palladium acetate and gold acetate materials. The oxygen concentrations were higher for the copper acetate materials, which is consistent with the forms of copper oxide observed in the XRD spectra. The loadings of the additives are comparable with those required to achieve significantly improved SnO 2 sensor performance. 4 
IV. DISCUSSION
The location of the metal additives in the nanocomposite system can be as critical as the composition and phase of the additives, particularly for tin dioxide sensors as demonstrated by Bittencourt et al. 46 and Cabot et al. 11, 29 For example, Bittencourt et al. 46 studied the differences in sensor performance between uniform distributions of Pt additives in the SnO 2 versus Pt additives sputtered onto the surface of thick-film SnO 2 sensors. When the Pt additives were sputtered, the Pt particles were within 3 m of the surface of the film, which were 20-25 m thick. The sensors made with uniformly distributed Pt particles considerably outperformed (by approximately a factor of 4) the films where the Pt additives were localized near the surface of the sensor.
Cabot et al. 29 examined the effects of the location of additives in SnO 2 nanocomposites at a higher resolution length scale. Cabot and co-workers determined that doped SnO 2 synthesized using sol-gel methods led to nanocomposites where the Au additives were present as Au nanoparticles integrated with the SnO 2 aggregates (as were observed in this work) and as smaller concentrations of Au distributed on the SnO 2 crystallites. They found TEM imaging did not capture the presence of these smaller units of gold using either bright-field imaging or Gatan Image Filtering techniques. Cabot et al. 29 attributed the modifications to the SnO 2 sensor performance to the smaller more localized Au additives.
Several factors indicate the metals additives are likely present within the SnO 2 for the nanocomposites produced in the current work. First, the size of the SnO 2 primary particles can be an indication of the presence of additives in the structure of the SnO 2 nanoparticles. Metal additives are well known to modify the SnO 2 grain growth kinetics. Specifically, when the crystallite size is reduced compared to undoped SnO 2 , the inhibitedgrowth effect has been attributed to the concentration of additives localized on the oxide surface. 29 Second, using the aluminum acetate precursor (Case 12), yielded materials where metal particles could not be identified in the SnO 2 aggregates using TEM-EDS or XRD. Studies of nickel-doped SnO 2 by Epifani et al. 47 using sol-gel processing yielded similar results, where the grain size of the SnO 2 was reduced, but no dopant particles or dopant XRD peaks were detected. Given the high boiling points of the metal and metal oxides for this system (e.g., T bp,Al ‫ס‬ 2519°C, T bp,Al2O3 ≅ 3000°C 49 ), condensed phase aluminum or aluminum oxide particles should be present in the materials sampled on the cold plate and the TEM grids (which were located in the exhaust region of the burner). Additionally, when only aluminum acetate was burned (without TMT), the nanoparticles produced showed the presence of aluminum using TEM-EDS analysis. The aluminum acetate clearly affected the average crystallite size for SnO 2 (decreasing the average crystallite size by nearly a factor of 2 compared to the undoped SnO 2 case). In all, the data lead to the conclusion that aluminum is present in the SnO 2 at levels that are below the detectible limit for TEM-EDS and XRD analyses. Similar arguments can be applied to the results for Cases 9 and 10, where bis(dibenzylideneacetone)palladium was used as the additive precursor.
The third line of reasoning supporting the presence of the additive materials in the SnO 2 nanoparticles is due to the high-temperature combustion environment used to create the materials. Metal acetates generally decompose at low temperatures (e.g., the decomposition temperature of palladium acetate is 220°C 48 ) , and the vapor pressure of the pure metals can be high at the temperatures found in the combustion synthesis environment (e.g., aluminum has a vapor pressure of 100 Pa at 1544°C). 49 Consequently, metal and metal organic species are likely present in the gas phase. The high number density of SnO 2 particles provides sites for condensation of the metals and conversely, condensed metal particles provide sites for SnO 2 deposition and SnO 2 particle growth.
V. CONCLUSIONS
A broad range of nanocomposite materials can be produced using combined gas-and solid-phase precursors in a combustion synthesis system. The combustion synthesis method presented here exhibited significant flexibility with respect to control of the nanocomposite properties, such as the average SnO 2 crystallite size and the type of additive. For example, changing the operating conditions of the reactor (by decreasing the initial TMT reactant concentrations for the TMT/gold acetate system, Case 5) allowed over a factor of two decrease in the average SnO 2 crystallite size (compared to the highertemperature TMT/gold acetate system, Case 4), from 13 to 5.8 nm. Similarly, changing the solid-phase precursor can be used to control the average crystallite size of the SnO 2 . For example, the TMT/bis(dibenzilideneacetone) palladium precursor yielded an average SnO 2 crystallite size of 7.6 nm. The TMT/pure metallic palladium yielded an average SnO 2 crystallite size of 17 nm. The results of this study and the level of control of the nanocomposite properties indicates that combined-phase combustion synthesis methods have potential to create a broad range of nanocomposite materials, considerably beyond the scope of the SnO 2 sensing materials presented in this work. 
